There is controversy about the abuse liability of methylphenidate (MPH) in humans, and MPH has yet to be established fully as a reinforcer in rats. The present experiment examined whether intravenous MPH served as a reinforcer in rats, and how individual differences in impulsivity impacted MPH self-administration. Rats were exposed to a delay-discounting procedure, and then were implanted with an intravenous catheter to assess self-administration of 0.56 mg/kg/infusion MPH at different fixed ratio values. Self-administration rates of different MPH doses (0.03-1.0 mg/kg/infusion) were also examined. Both high and low impulsive rats acquired MPH self-administration at the same rate. All rats pressed more on the active lever than the inactive lever regardless of MPH dose, and pressed more for MPH than for saline. High impulsive rats self-administered more MPH than low impulsive rats at a low unit dose (0.1 mg/kg/infusion), though not at higher doses, indicating that individual differences in impulsive choice influence the dose-dependent reinforcing effects of MPH.
Introduction
Impulsivity, generally defined as behavior without foresight (Winstanley et al., 2006) can refer to a variety of behaviors (Evenden, 1999a (Evenden, , 1999b . Delay discounting is defined by the choice for a small, immediate reinforcer over a larger, delayed reinforcer (Ainslie, 1975) . Although there are many ways to measure impulsivity, this delaydiscounting procedure is used widely in the operant conditioning literature to define and measure impulsive choice, and has been found to be predictive of drug use initiation (Perry et al., 2005; Perry et al., 2008a) . Individual differences in impulsive choice in humans have been implicated in the use of a variety of drugs, including alcohol (Vuchinich and Simpson, 1998; Petry, 2001) , cocaine (Coffey et al., 2003) , nicotine Mitchell, 1999; Baker et al., 2003) , and opiates (Madden et al., 1997 Kirby et al., 1999) . Although impulsivity and drug use are correlated, studies in humans have not established firmly whether impulsivity leads to drug use, or whether drug use leads to impulsivity, or whether there is a reciprocal relationship between these two variables.
Although impulsive choice is viewed as one type of impulsivity, another form of impulsivity is impulsive action, defined as the inability to withhold a response (Winstanley et al., 2006) . This type of impulsivity refers to physical action, whereas impulsive choice refers to decision making. Impulsive action is measured with the go/no go, stop-signal reaction time task (SSRT), or fivechoice serial reaction time task (Winstanley et al., 2006) . These procedures require animals to respond or stop responding depending on a signal (Winstanley et al., 2006) .
The effects of stimulants on impulsivity depend on the particular measure of impulsivity used (impulsive choice vs. impulsive action). Exposure to drugs of abuse, including nicotine (Dallery and Locey, 2005) increases impulsive choice; however, research on d-amphetamine has been mixed. Amphetamine has been reported to increase (Perry et al., 2008b) or decrease (Winstanley et al., 2003) impulsive choice in animals. Interestingly, however, methylphenidate (MPH) has been reported to either not affect impulsive choice (Perry et al., 2008b) or decrease impulsive choice in rats (Pitts and McKinney, 2005; Bizot et al., 2007) and humans (Pietras et al., 2003) . In contrast, MPH increases impulsivity on a five-choice serial reaction time task (Milstein et al., 2008) ; however, this increase in impulsivity may be limited to high doses of MPH (Navarra et al., 2008) . On SSRT, MPH has been found to decrease SSRT for slow responders and increase SSRT for fast responders (Eagle et al., 2007) . On a fixed consecutive number task of shock avoidance, MPH has been found to decrease impulsivity (Evenden and Ko, 2005) . Therefore, the particular effects of MPH on impulsivity depend on the particular measure of impulsivity and dose of MPH used.
Preclinical evidence indicates that impulsivity is related to drug addiction and the maintenance of drug use (Jentsch and Taylor, 1999) . In rats, individual differences in impulsivity predict the initiation and maintenance of drug use, including nicotine self-administration (Diergaarde et al., 2008) and cocaine self-administration (Perry et al., 2005 (Perry et al., , 2008a . Rats high in impulsivity also consume more ethanol than rats low in impulsivity (Poulos et al., 1995) . Rats high in impulsivity have also been found to be more persistent and compulsive in cocaine self-administration (Belin et al., 2008) .
Results from preclinical studies on MPH are interesting because MPH is one of the most commonly prescribed treatments for attention deficit hyperactivity disorder (ADHD; Challman and Lipsky, 2000; Swanson and Volkow, 2002) , a disorder characterized by impulsive behaviors (Sonuga-Barke, 2005) . MPH has abuse potential in both human and nonhuman animals (for a review, see Kollins et al., 2001) and up to 20% of children prescribed MPH for ADHD have been asked to sell, trade, or give their medication to other children (Kollins et al., 2001) . Approximately 5-15% of the US population under 18 years of age is treated with MPH (Barbaresi et al., 2002) , and because ADHD may continue beyond adolescence, many of these individuals continue to take MPH during adulthood (Himelstein and Halperin, 2000) . Owing to the widespread availability of MPH, nonclinical use and abuse of MPH is a health concern for children, adolescents, and adults.
Although much preclinical research has examined selfadministration of psychomotor stimulants, little research has examined MPH self-administration in laboratory animals, regardless of individual differences in impulsivity. In one study, the reinforcing effect of a variety of drugs self-administered by rats was evaluated using a rating scale. Investigators found that MPH was as reinforcing as cocaine at similar doses (Collins et al., 1984) . In another study, rats were trained to self-administer amphetamine (0.06 mg/kg/infusion), then switched to MPH (0.2 or 0.4 mg/kg/infusion). The investigators showed that rats continued to self-administer MPH at the same rate as amphetamine (Nielsen et al., 1984) . Similarly, nonhuman primates trained to lever press for cocaine will subsequently lever press for MPH (Johanson and Schuster, 1975; Bergman et al., 1989; Lile et al., 2003; Gasior et al., 2005) . In the most extensive study on MPH self-administration in rats, it was found that drug-naive rats would self-administer MPH doses of 0.06125-0.5 mg/ infusion (Botly et al., 2008) . These investigators, however, did not give MPH doses based on body weight, did not compare infusions of MPH earned relative to saline infusions, and did not report inactive (nonreinforced) lever presses during the session. Therefore, the reinforcing effect of MPH in rats remains to be established fully.
The purpose of this study in rats was two-fold. The first purpose was to determine whether individual differences in impulsive choice predict acquisition and dosedependent maintenance of MPH self-administration. Regardless of individual differences in impulsive choice, the second purpose was to determine whether MPH serves as a reinforcer, across varying doses, when drugreinforced responses are compared with responses on an inactive lever and responses for saline.
Method Subjects
Subjects were twelve 65-day-old male Sprague-Dawley rats (Harlan Industries, Indianapolis, Indiana, USA). All subjects had no prior experimental experience or drug history. To provide sufficient motivation to lever press for food in the delay-discounting task, subjects were restricted to 15 g of food/day, delivered immediately after each session. Access to water was continuous in the home cage. Subjects were housed individually in plastic home cages and were maintained on a 16/8 h light/dark cycle (lights on at 06.00 h). Subjects remained in their home cage except during their 1-2 h daily experimental sessions. Experimental protocols were approved by the Institutional Animal Care and Use Committee at the University of Kentucky, and followed APA ethical standards of laboratory animal care (American Psychological Association, 2002) .
Apparatus
Experimental sessions were conducted in operant conditioning chambers for rats (28 Â 24 Â 25 cm; ENV-001; Med Associates, St. Albans, Vermont, USA). The front and back walls were Plexiglas (Med Associates), side walls were aluminum, and floors were made of metal rods. Operant chambers were housed inside sound-attenuating chambers (ENV-018M; Med Associates). During delaydiscounting sessions, a 28-V house light centered 2.5 cm from the ceiling on the left side wall illuminated the chamber. Sucrose pellets (45 mg, Bio-Serv, Frenchtown, New Jersey, USA) were dispensed individually from a pellet dispenser (ENV-203M-45; Med Associates) into a recessed food cup (5 Â 5 Â 3 cm) located 2 cm above the floor and centered on the right side wall. Retractable levers (4.5 cm) were located 6 cm above the floor on each side of the food tray. White stimulus lights (28 V; 3 cm in diameter) were located 3 cm above each lever. A fan in the sound-attenuating chamber produced noise to mask extraneous sounds. Experimental events were arranged and recorded by MED-PC software (Med Associates) on a computer located in the experimental room.
Procedures
Delay discounting Subjects were exposed to an adjusted delay procedure (one pellet available immediately vs. three pellets available after an adjusting delay) for 28 sessions, using previously published methods (Perry et al., 2005 (Perry et al., , 2008a . Sessions contained 15 blocks of four trials. The first two trials in each block were forced-choice trials, one for the immediate option and one for the delayed option. The order in which the forced choices were presented alternated randomly within the session. During forcedchoice trials, the active lever was extended into the chamber and the stimulus light above the active lever was illuminated. The lever retracted following one lever press on forced-choice trials. The delay to the delayed option did not change during forced-choice trials. Lever presses on all trials were followed by an intertrial interval of an adjusted duration such that the total trial, including the intertrial interval, was 60 s. The third and fourth trials in each block were free-choice trials. During free-choice trials, both levers were extended and both stimulus lights were illuminated. A response on the immediate option produced one pellet immediately, and a response on the delayed option produced three pellets after an adjusting delay. Levers associated with the immediate and delayed options alternated sides of the chamber across days. The only stimulus that signaled which side of the chamber was associated with each option was the number of pellets that followed a lever press. During this, all lights were extinguished and lever presses had no programmed consequences. Levers were retracted following the completion of all trials in a block.
For the first session, the duration to the delayed option started at 0 s, and the delay changed subsequently based on choices during free-choice trials. This allowed subjects to titrate the delay depending on their choices, rather than starting subjects with an arbitrarily chosen delay. Responses during the free-choice trials on the immediate option produced a 1-s decrease in the delay and responses on the delayed option produced a 1-s increase in the delay. The delay had a lower limit of 0 s and upper limit of 45 s. During the delay, the house light was extinguished, but stimulus lights remained on until food was delivered. The delay at the end of each session was used as the starting delay for the following session. Mean adjusted delays (MADs) were calculated at the end of each session by calculating the average adjusting delay over the free-choice trials. MADs were used as a measure of impulsive choice, with lower MADs indicating higher levels of impulsivity. Sessions ended after 60 trials, or 2 h, whichever occurred first. Subjects completed all trials during each session, except for some subjects during the first two sessions. This phase continued for 28 consecutive daily sessions. As some individual rat's behavior did not stabilize on the adjusting delay procedure (c.f. Cardinal et al., 2002) , stability was based on the group mean of all 12 subjects, as described earlier (Perry et al., 2005 (Perry et al., , 2008a . After 28 sessions, the MAD for the group mean varied by less than 5 s across the last 5 days.
Extinction
Subjects were then exposed to lever press extinction (EXT) for seven sessions. During EXT sessions, both levers were extended and both stimulus lights and the house light were illuminated. Lever presses had no programmed consequence. The purpose of this phase was to minimize the carryover of lever pressing for food to lever pressing for MPH, which was implemented in the next phase.
Methylphenidate self-administration
After 2 days of free feeding, rats were surgically implanted with a chronic indwelling jugular catheter (0.2 mm in diameter). Rats were anesthetized with 100 mg/kg ketamine (intraperitoneally) and 5 mg/kg diazepam (intraperitoneally). One end of the catheter was inserted into the jugular vein, and the other end was attached to a metal cannula that exited the skin and was secured in a dental acrylic head mount. The head mount was adhered to the skull with dental acrylic and metal jeweler screws. Catheter patency was maintained by daily 0.2 ml infusions of a mixture containing 20 ml saline, 0.6 ml heparin, and 0.2 ml gentamicin. Rats were given 5 days for recovery and then food restriction was reintroduced. Rats were maintained on 20 g of food/day during the self-administration phase, given immediately after each session. During experimental sessions, cannulae were attached to tubing within a flexible, spring covered leash (PHM-120; Med Associates), which was connected to a swivel (PHM-115; Med Associates) that was outside the operant chamber. The tubing exited the operant chamber and was connected to an infusion pump (PHM-100; Med Associates).
After recovery from surgery, subjects were exposed to three more sessions of lever press EXT. Subjects were then given access to 0.56 mg/kg/infusion MPH (0.1 ml volume), available on a fixed ratio 1 (FR 1) schedule of reinforcement for 60-min daily sessions. The 0.56 mg/kg/ infusion dose of MPH was chosen, because it was estimated to engender reliable responding based on previous literature (Botly et al., 2008) . During selfadministration sessions, both levers were extended into the chamber and no lights were illuminated. Presses on one lever produced drug infusions (active lever) and presses on the other lever had no programmed consequence (inactive lever). The side of the chamber containing the active lever was counterbalanced across Impulsivity predicts self-administration Marusich and Bardo 449 subjects. After each active lever press, MPH was infused over 5.9 s, followed by a 20-s time out signaled by the illumination of both stimulus lights. Presses on either lever during the time out had no programmed consequence. After seven consecutive FR 1 sessions, the FR value was incremented by one response every three sessions, up to FR 5.
As one rat failed to make any responses on the first two FR 1 sessions, it was given additional training using an autoshaping procedure (Carroll and Lac, 1993 ) before moving to the FR 2 schedule. Once subjects reached FR 5, they remained on this ratio for nine consecutive sessions.
Dose-effect determinations
During the next phase of the experiment, subjects were given access to 0.1, 0.3, and 1.0 mg/kg/infusion MPH on an FR 5 schedule of reinforcement. Subjects were given access to each MPH dose for three consecutive sessions. Half the subjects in each impulsivity group proceeded through the doses in ascending order (0.1, 0.3, 1.0), and the other half proceeded in descending order (1.0, 0.3, 0.1). All subjects were then given access to 0.03 mg/kg/ infusion MPH for three consecutive sessions, followed by access to saline for seven consecutive sessions.
Drug
Methylphenidate HCl (Mallinckrodt, St. Louis, Missouri, USA) was prepared in sterile 0.9% NaCl (saline).
Data analysis
The average MAD was calculated for all subjects during the last 5 days of delay discounting. Subjects with MADs above the median were designated as the Low Impulsivity (Lo I) group, and subjects with MADs below the median were designated as the High Impulsivity (Hi I) group. Mixed model analyses of variance (ANOVAs) were used to compare group means, with impulsivity group (Hi I vs. Lo I) as a between-subjects factor using a median-split approach (Piazza et al., 2000) . This test was conducted with factors 'FR schedule' (FR 1-FR 5) and 'lever type' (active and inactive), for each group, to compare active and inactive lever presses across FR schedules, using the individual subject mean of the last three sessions of exposure to each FR schedule. This test was also conducted with factors 'session' (sessions 1-7) and 'impulsivity group' (Hi I and Lo I), to compare the mean number of lever presses for the two impulsivity groups during EXT. These tests were also conducted with factors 'FR schedule' (FR 1-FR 5), 'session of exposure to FR schedule' (1-3), and 'impulsivity group' (Hi I and Lo I), to compare active lever presses and number of infusions earned during acquisition of MPH selfadministration across the last three sessions of exposure to each FR schedule. Only the last two sessions of exposure to each dose were included in the data analyses during the dose-effect determination phase. Three subjects (two from the Hi I group and one from the Lo I group) were removed from the dose-effect phase because of catheter malfunction. A mixed model ANOVA was also used to examine the number of infusions earned and MPH intake during dose-effect determinations, with factors 'MPH dose' (0.0-1.0 mg/kg/infusion) and 'impulsivity group' (Hi I and Lo I). Pairwise comparisons (t-tests with Bonferroni correction) were used to compare MPH infusions earned between groups for individual doses during dose-effect determination. All statistical tests were considered significant at P value less than 0.05.
Results
Average MADs increased across the first eight sessions, and then showed some variability during the rest of the phase. Figure 1a shows the MAD for all rats across the 28 sessions of delay discounting. Subjects were divided into two groups, based on each subject's average MAD derived from sessions 24-28 of the delay-discounting task. Figure 1b shows the MADs for the two impulsivity groups collapsed across the last five sessions of the delaydiscounting task. The average (mean ± SEM) MADs during the last 5 days of the delay-discounting task in Hi I subjects and Lo I subjects were 8.15 s (± 0.85) and 18.60 s (± 1.68), respectively (for individual subject MADs, see Table 1 ).
During the lever press EXT phase (results not shown), subjects in both groups decreased the number of lever presses across EXT sessions. A 2 Â 7 mixed model ANOVA (impulsivity group Â session) showed that the groups' lever pressing was not significantly different across the seven presurgery sessions of EXT [F(1,10) = 2.71; NS]. After intravenous catheter placement, subjects showed a slight increase in lever pressing that decreased across the three postsurgery EXT sessions (results not shown). During the final EXT session, subjects averaged only 11 responses during the 60-min session. Figure 2a shows the number of lever presses for Lo I and Hi I groups during acquisition of MPH self-administration, using a unit dose of 0.56 mg/kg/infusion. During the first few sessions of self-administration, subjects pressed both the active and inactive levers; however, during the last few days on FR 1, subjects were primarily pressing the active lever. As the FR requirement increased, subjects showed an increase in active lever presses, whereas inactive lever presses remained at a low rate. A withingroup 5 Â 2 (FR schedule Â lever type) factorial ANOVA indicated that subjects in both groups pressed the active lever significantly more than the inactive lever during the last 3 days of exposure to each FR schedule [Lo I group: F(4,1) = 84.21; P < 0.05; Hi I group: F(4,1) = 152.31; P < 0.05]. After 9 days on FR 5, all subjects except one had less than 20% variability in the number of infusions earned across three consecutive sessions, and all subjects had greater than a 2 : 1 ratio of active to inactive lever presses. There were no significant differences in selfadministration based on impulsivity groups across the different FR values. This was confirmed by a mixed model 5 Â 2 Â 3 (FR schedule Â group Â session of exposure to schedule) factorial ANOVA [F(1,7) = 1.99; NS], indicating that differences in impulsivity did not affect acquisition of MPH self-administration. Figure 2b shows the corresponding number of infusions of MPH earned during acquisition of MPH self-administration. Again, there were no significant differences between Lo I and Hi I groups across any FR schedule. This was confirmed by a mixed model 5 Â 2 Â 3 (FR schedule Â group Â session of exposure to schedule) factorial ANOVA [F(1,7) = 0.66; NS]. Subjects in both groups earned approximately the same number of infusions regardless of the FR requirement. The consistency in number of MPH infusions earned despite the increase in response requirement, and the low number of inactive lever presses compared with active lever presses, indicate that MPH served as a reinforcer for subjects in both groups. Figure 3a shows the number of infusions earned for subjects in each group during the dose-effect assessment phase. Subjects earned more of each unit dose of MPH compared with saline, indicating that each dose of MPH examined served as a reinforcer. Subjects earned the highest number of infusions at the 0.1 and 0.3 mg/kg/ infusion MPH doses. A mixed model 6 Â2 (dose Âgroup) factorial ANOVA showed a significant dose Â group interaction [F(5,35) = 2.56; P < 0.05] in the number of infusions earned. There were no significant differences in the number of infusions earned between groups at any dose except 0.1 mg/kg/infusion. A Bonferroni-corrected t-test revealed that subjects in the Hi I group earned more infusions of the 0.1 mg/kg/infusion MPH than subjects in the Lo I group [t(7) = 4.16; P < 0.05]. Inactive lever presses remained low regardless of dose (results not shown). Figure 3b shows total drug intake for each group at each dose of MPH. Lo I and Hi I rats took approximately the same amount of drug at the three highest doses (0.3, 0.56, 1.0 mg/kg/infusion), and took less of the lower doses. A 5 Â2 (dose Âgroup) ANOVA revealed only a significant main effect of dose [F(4,28) = 48.27; P < 0.05]. There were no significant differences in intake of MPH between the two impulsivity groups.
Discussion
The present experiment found that rats readily acquired MPH self-administration at a unit dose of 0.56 mg/kg/ infusion. Across a wide range of doses (0.03-1.0 mg/kg/ infusion), MPH was found to be a reinforcer when compared with responding on an inactive lever or responding during saline substitution. Differences in impulsivity on a delay-discounting task predicted self-administration of 0.1 mg/kg/infusion, with Hi I rats responding more for this dose than Lo I rats; animals responded similarly for other doses of MPH regardless of their levels of impulsivity. Based on the overall dose-effect curve, Hi I rats were more sensitive than Lo I rats to adjustments in the unit dose of MPH.
Results of the present experiment also suggest that rats can regulate their intake of MPH. Subjects earned approximately the same total amount of drug across the three highest doses tested (0.3-1.0 mg/kg/infusion; Fig. 3b ). Subjects were also able to regulate their intake of the training dose regardless of the FR value used across a range of FR values (FR 1-FR 5). These results are consistent with earlier research on self-administration of MPH by rhesus monkeys (Wilson et al., 1971) . The present experiment extends past research on MPH self-administration in rats. Previous investigators have shown that rats respond for MPH across a wide range of doses (Collins et al., 1984; Nielsen et al., 1984; Botly et al., 2008) . The results of the present experiment also found that inactive lever presses remained at a low rate regardless of the dose of MPH available for self-administration and that rats respond more for MPH than saline. These results establish more fully that MPH is a reinforcer in rats. Since drug self-administration in nonhuman animals, as used in the present experiment, is a valid model of human drug use (Thomsen and Caine, 2005; O'Dell and Khroyan, 2009 ), results of the present experiment suggest that MPH has significant abuse liability. These results, combined with those suggesting that humans also abuse MPH (Kollins et al., 2001) , indicate that caution may be needed when prescribing MPH as a treatment for ADHD among individuals prone to drug abuse.
The results of the present experiment contrast with other research showing that impulsivity predicts acquisition of self-administration for cocaine (Perry et al., 2005 (Perry et al., , 2008a , nicotine (Diergaarde et al., 2008) , and alcohol (Poulos et al., 1995) . The present experiment did not find any differences in acquisition of MPH selfadministration based on impulsive choice; however, previous studies examining individual differences in impulsivity in self-administration of cocaine and nicotine tested only a single unit dose of the drug (Perry et al., 2005; Diergaarde et al., 2008; Perry et al., 2008a) . Other work has shown that the unit dose of drug tested is important in finding individual differences in response to novelty. For example, in one study, it was found that high novelty responders self-administered more amphetamine at unit doses of 0.03 and 0.01 mg/kg/infusion, but not at higher or lower doses (Cain et al., 2007) . In similar studies, it was found that high novelty responders selfadministered more amphetamine than low responders at a dose of 0.03 mg/kg/infusion, but not at higher doses (Klebaur et al., 2001) , and that individual differences in self-administration of amphetamine based on rearing conditions are observed when animals self-administer low but not high doses (Green et al., 2002) . As individual differences tend to be more pronounced at low unit doses, it is possible that Lo I and Hi I rats may have differed in the acquisition of MPH self-administration if they were trained initially with a unit dose lower than the one used in the present experiment (0.56 mg/kg/infusion). Alternatively, the ability of impulsive choice to predict acquisition of cocaine self-administration (Perry et al., 2005 (Perry et al., , 2008a may not generalize to acquisition of MPH self-administration.
It is not clear why Hi I rats self-administered more MPH than Lo I rats when a low dose (0.1 mg/kg/infusion) was tested, but not when other doses were tested. One possibility is that individual differences may be masked when rats self-administer high unit doses because the direct effects of MPH overcome individual differences in impulsive choice. Another possibility is that individual differences in impulsive choice may only predict selfadministration of drug doses that engender a high rate of lever pressing. Unit doses that generate more responding overall may allow individual differences in impulsive choice to be expressed more readily.
Results of the present experiment are generally consistent with the literature on human drug abuse. Among humans, individuals with ADHD are more impulsive than individuals without ADHD (Mannuzza et al., 1998; Molina and Pelham, 2003; Sonuga-Barke, 2005) , and they are more likely to initiate drug use and are more likely to have problems with substance abuse than individuals without ADHD (Milberger et al., 1997; Biederman et al., 1998; Mannuzza et al., 1998; Bukstein, 2000; Molina and Pelham, 2003; Ernst et al., 2006; Faraone et al., 2007) . The present experiment also found that Hi I rats selfadministered more MPH (0.1 mg/kg/infusion) than Lo I rats. Thus, these results corroborate the evidence that impulsive behavior increases drug abuse vulnerability.
